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Abstract 
Lysosomal membrane glycoproteins are highly glycosylated proteins decorating the huninal surface of lysosomal membranes. Their biosynthetic 
route from the rough endoplasmic reticulum to the lysosomal compartment has been elucidated uring recent years. Signals for intracellular sorting 
have been identified and characterized. The function of these proteins remains to be determined. Besides resident proteins the lysosomal membrane 
harbours at least one transient passenger, lysosomal acid phosphatase, which is sorted as a membrane-bound precursor like resident lysosomal 
membrane proteins and liberated from the membrane by limited proteolysis upon arrival in dense lysosomes. 
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1. Introduction 
Lysosomes are membrane-bound organelles with an 
acidic internal milieu containing hydrolytic enzymes for 
degradation of proteins, lipids, nucleic acids and sac- 
charides. Lysosomes are the principle site of intracellular 
digestion [ 11. Biological materials destined for degrada- 
tion in the lysosomes are either ingested by endocytosis 
and shuttled to the lysosomes via early and late en- 
dosomes or large particles are taken up by phagocytosis 
into specialized cells such as macrophages resulting in 
the formation of phagolysosomes [2]. In a process called 
autophagy, obsolete endogenous cellular structures are 
transfered to and degraded in the lysosomal compart- 
ment [3]. 
The formation of lysosomes requires an input both 
from the biosynthetic and the endocytic pathway. Newly 
synthesized lysosomal hydrolases are sorted in the trans- 
Golgi network by binding to mannose 6-phosphate spe- 
cific receptors and are selectively transported to the en- 
dosomal compartment where uncoupling of ligand and 
receptor occurs. In the endosomes the newly synthesized 
lysosomal enzymes encounter the molecules on the endo- 
cytic route destined for degradation. Degradative proc- 
esses are likely to occur already in endosomes. From this 
compartment the lysosomal enzymes and their substrates 
are delivered to the lysosomes where degradation is com- 
pleted [4,5]. At present there is no consensus about the 
molecular mechanisms of formation of lysosomes. One 
model is based on preexisting late endosomes and lyso- 
somes communicating via transport vesicles [6]. The al- 
ternative model postulates a gradual maturation of early 
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endosomes to late endosomes and subsequently to lyso- 
somes by processes of continuous fusion and fission of 
vesicles [7]. 
The membrane limiting the lysosomal compartment 
has multiple functions. It is responsible for acidification 
of the interior and sequestration of the highly active 
lysosomal enzymes capable of destructing cellular struc- 
tures [2]. Furthermore the lysosomal membrane medi- 
ates the transport of degradation products from the lyso- 
somal lumen to the cytoplasm and regulates the fusion 
and fission events between lysosomes themselves and 
other organelles [8,9]. In recent years several integral 
membrane glycoproteins of the lysosomal membrane 
have been described. The present minireview intends to 
compare these lysosomal membrane glycoproteins, their 
biosynthetic routes and the molecular mechanisms of 
their targeting. 
2. Resident and transient Iysosomal membrane 
glycoproteius 
Bumside and Schneider [lo] first showed in 1982 that 
the polypeptide composition of lysosomal membranes 
differs distinctly from the pattern of proteins in the 
plasma membrane. The investigations revealed 
glycoproteins with molecular weights between 90 and 
110 kDa as major structural components of the lyso- 
somal membrane. These results were confirmed and ex- 
tended with a highly purified preparation of lysosomes 
from CHO cells. In this study glycoproteins with a mo- 
lecular weight between 100 and 120 kDa were comprised 
for about 50% of the lysosomal membrane proteins [ 111. 
Several glycoproteins of the lysosomal membrane have 
meanwhile been defined by monoclonal and polyclonal 
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Fig. 1. Structures of resident and transient lyosomal membrane glycoproteins &A, IgpB, LIMP I, LIMP II and LAP. The membrane is indicated 
by a hatched area. Hinge regions are shown as m ; large antennary structures represent N-linked polylactosaminoglycans, small antennae represent 
complex type N-linked oligosaccharides. Loops are formed by disulfide bonds (only given for 1gpA and B). Arrows mark putative proteolytic 
processing sites in LAP 
antibodies in mouse [ 121, rat [13-151, chicken [16] and 
human [17,18] cells. These lysosomal membrane 
glycoproteins share a number of biochemical features. 
They are heavily glycosylated containing predominantly 
Asn-linked oligosaccharides of the complex type [13-l 81. 
The isoelectric points are very acidic (pIs between 2 and 
4) due to a high content of sialic acid residues in the 
oligosaccharides [13,19]. The core proteins often com- 
prise for less than 50% of the overall molecular weight 
[13,14,1618]. 
Comparison of amino acid sequences deduced from 
cDNAs of murine, rat, chicken and human sources iden- 
tified several types of lysosomal membrane glycopro- 
teins. The alignment data suggest, that rat lysosomal 
membrane glycoprotein 120 (lgp 120) [20], which is iden- 
tical with rat lgp107 [21], mouse lysosome-associated 
membrane protein 1 (mLAMP-1) [22], chicken ly- 
sosome-endosome-plasma membrane 100 (LEPl 00) 
[23] and human lysosome-associated membrane protein 
A (lamp A) [24], which has also been designated as 
human lamp-l [25], are species specific versions of the 
same protein. This lysosomal membrane glycoprotein 
has been named lgp-A [5,19]. The second lysosomal 
membrane glycoprotein, lgp-B, has been isolated from 
different species: rat lgp 110 [ 191, which has independ- 
ently been isolated by Nogushi et al. (LGP 96) [26], 
mouse LAMP-2 [27], which is identical with mouse lgp 
110 [ 191 and human h-lamp-2 [25]. Lgp-A and lgp-B are 
conserved proteins with a marked sequence identity. 
LgpAs and 1gpBs exhibit a higher degree of sequence 
identity across species boundaries than lgp-A compared 
to lgp-B from the same species. These correlations sug- 
gest, that the genes encoding the lysosomal membrane 
proteins lgp-A and lgp-B diverged from each other in 
evolution prior to the divergence of mammals and birds 
[19]. Lgp-A and lgp-B are type I membrane glycopro- 
teins with a large N-terminal luminal domain a single 
transmembrane domain and a short cytoplasmic domain 
of 10-l 1 amino acids. The luminal domains contain 16 
20 N-glycosylation sites, most of which are used. Some 
of these glycans are of the poly-N-acetyllactosamine 
type. Furthermore these glycoproteins contain O-linked 
glycans [31]. The luminal domains of lgp-A and -B can 
be divided into two homologous subdomains, which are 
separated by a proline rich hinge region. This hinge re- 
gion has similarties to the immunoglobulin hinge region 
[24]. Both lgp-A and lgp-B have 4 pairs of cysteine resi- 
dues located at conserved relative positions. Neighbor- 
ing cysteines are disulfide bonded hence forming four 
loops [32,33] (Fig. 1). 
Human lysosomal integral membrane protein I (LIMP 
I or CD63) 1281 and rat LIMP II [29] are type III mem- 
brane glycoproteins according to the nomenclature of 
Wickner and Lodish [30]. LIMP I has a molecular weight 
of 30-50 kDa, the core peptide comprises for about 25 
kDa and contains 4 transmembrane domains. The three 
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N-glycosylation sites in the large luminal domain are 
likely to be substituted with poly-N-acetyllactosaminyl 
structures. There is no homology to lgp A or lgp B 
[28,31]. LIMP II with a molecular weight of 74 kDa has 
two short cytoplasmic tails of 224 and 2S21 amino acid 
residues at the amino- and carboxy-terminus, respec- 
tively. The uncleaved signal peptide forms one of the two 
transmembrane domains. The main part of the protein 
is located on the luminal side and contains 11 potential 
N-glycosylation sites, most of which are likely to be gly- 
cosylated since the protein core has a molecular weight 
of about 50 kDa only [29] (Fig. 1). 
Another well defined constituent of the lysosomal 
membrane is the precursor of lysosomal acid phosphat- 
ase (LAP). cDNA cloning and expression revealed, that 
lysosomal acid phosphatase (LAP) is synthesized and 
transported from the endoplasmic reticulum to the lyso- 
somes as a type I membrane glycoprotein with a large 
N-terminal luminal domain, a single transmembrane do- 
main and a short cytoplasmic domain of 19 amino acids. 
The luminal domain contains eight potential N-glycosyl- 
ation sites, which are all used. The complex type oligo- 
saccharides in part substituted with sialic acid residues 
are contributing about 16 kDa to the overall molecular 
weight of 63 kDa of the membrane bound LAP precur- 
sor [34-363 (Fig. 1). After arrival in dense lysosomes the 
luminal domain of LAP containing the active site of the 
enzyme is slowly released into the lysosomal matrix by 
proteolytic processing. Thus LAP is only a transient con- 
stituent of the lysosomal membrane. 
3. Intracellular routes of lysosomal membrane 
glycoproteins 
There is still some controversy about the routes along 
which lysosomal membrane glycoproteins are delivered 
to lysosomes. After translocation into the endoplasmic 
reticulum lgps, LIMPS and LAP traverse the cisternae of 
the Golgi apparatus, where the majority of the oligosac- 
charide side chains are converted to the complex type. 
This process is performed with comparable kinetics for 
all known lysosomal membrane glycoproteins. About 30 
min after synthesis half of the newly synthesized mole- 
cules have reached the trans-Golgi network (TGN) as 
determined by aquisition of endo-/3-N-acetylglucosam- 
inidase H resistant oligosaccharides [14,18,35,37,38]. 
From the TGN the lysosomal membrane proteins may 
be transported irectly to endosomes or indirectly via the 
cell surface. In the former case sorting would occur at the 
level of the TGN, in the latter at the level of the cell 
surface. From the endosomes the lysosomal membrane 
glycoproteins may either be delivered straightforward to 
dense lysosomes or may be transiently retained in en- 
dosomes and recycle between the endosomes and the cell 
surface. Thus lysosomal membrane glycoproteins may 
reach the cell surface either directly from the TGN or 
indirectly from endosomes. Attempts to discriminate be- 
tween a direct or indirect routing to the cell surface on 
a kinetic basis have remained inconclusive. The fraction 
of a lysosomal membrane protein, that is present at the 
cell surface usually is low and may escape detection by 
some methods. The low frequency at the cell surface is 
sometimes taken as an argument that the biosynthetic 
route does not include an obligatory passage of the cell 
surface. This, however, may not be correct, if retrieval 
through internalization is rapid. 
Kinetic studies revealed major differences between 
transport times of lgps, LIMPS and LAP from the TGN 
to dense lysosomes. Whereas lgpA, 1gpB and LIMP II 
reach the lysosomal compartment with a tX of about 30 
min, LIMP I reaches its final destination with a tX of 90 
min and it takes 5-6 h until half of the newly synthesized 
LAP molecules have entered dense lysosomes 
[14,36,37,38]. It has been proposed, that the majority of 
lgpA, 1gpB and LIMP II reach the lysosomes without 
passing the cell surface [37]. However, at least a minor 
portion of lgpA, 1gpB and LIMP II reaches the lyso- 
somes on the indirect route via the cell surface in human 
HL-60 and Chinese hamster ovary cells [40,41]. The ma- 
jority of endogenous lgpB, closely related to 1gpA (see 
above), is transported via the basolateral plasma mem- 
brane of polarized MDCK cells to the lysosomes [42]. 
LEPlOO, the chicken version of lgpA, was shown to enter 
the plasma membrane/endosome pool and to rapidly 
cycle between plasma membrane and endosomes before 
reaching the lysosomes in expressing mouse L cells [43]. 
LEP-100 can even shuttle back to the plasma membrane 
after having reached dense lysosomes [44]. Whether or 
not the transport to the cell surface from endosomes or 
the TGN is obligatory for lgpA, 1gpB and LIMP II, their 
rapid transport from the TGN to lysosomes strongly 
suggests, that their residence time in the endosome/ 
plasma membrane pool is short. 
LAP is an example of a lysosomal membrane 
glycoprotein, that is slowly delivered from the TGN to 
lysosomes (see above). The delay occurs at the level of 
endosomes. Rather than being delivered to lysosomes, 
endosomal LAP recycles on average 20 to 50 times back 
to the cell surface before it is delivered to lysosomes. At 
steady state one out of five LAP molecules in the recy- 
cling endosome/plasma membrane pool is found at the 
cell surface [45]. The amount of LAP located at the 
plasma membrane can be different from cell type to cell 
type. In expressing MDCK cells only 1% of the mem- 
brane bound LAP precursor is located in the basolateral 
plasma membrane, when these cells are grown polarized 
resembling an epithelium. Hardly any LAP is detectable 
in the apical plasma membrane under these conditions. 
In these polarized cells the LAP precursor is directly 
sorted to the basolateral cell surface and recycles be- 
tween basolateral early endosomes and plasma mem- 
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Fig. 2. Intracellular pathways of lysosomal membrane glycoporteins. 
Arrows indicate pathways of lysosomal membrane proteins discussed 
in the text. Lysosomal membrane glycoproteins can be enriched in 
clathrin coated membrane areas at the TGN or at the plasma mem- 
brane, which form clathrin coated vesicles for transport to the en- 
dosomal compartment. ER, endoplasmic reticulum; Golgi, Golgi-appa- 
ratus; TON, tram-Go@ network; EE, early endosomes; CC, clathrin 
coat; LE, late endosomes; LY, lysosomes. 
brane before delivery to dense lysosomes via late en- 
dosomes [46]. 
In Fig. 2 the intracellular pathways of lysosomal mem- 
brane proteins from the site of synthesis at the rough 
endoplasmic reticulum to the lysosomes are summarized 
schematically. 
4. Targeting signals in lysosomal membrane 
glycoproteins 
Recycling receptors accomplishing receptor-mediated 
endocytosis, such as low density lipoprotein (LDL)-, 
transferrin- and 300 kDa mannose 6-phosphate receptor, 
contain signals for rapid endocytosis through clathrin 
coated pits in their cytoplasmic domains. These signals 
111 
were shown to comprise short linear arrays of four to six 
amino acids containing an essential tyrosine residue [47]. 
The short cytoplasmic domains of the lysosomal mem- 
brane glycoproteins @A, lgpB, LIMP I and LAP also 
contain a single tyrosine residue each (Fig. 3). Further- 
more it has been shown for the lgps and LAP that they 
are rapidly endocytosed from the cell surface [41,43,45]. 
LAP has been shown to be internalized from the cell 
surface through clathrin coated pits [48]. Expression of 
truncated versions of 1gpA and LAP lacking the short 
cytoplasmic domains abolished efficient lysosomal tar- 
geting and caused accumulation of the mutant proteins 
at the plasma membrane. The accumulation of truncated 
LAP at the plasma membrane prolongs the half time of 
transport to dense lysosomes from 6-7 h for wild-type 
LAP to 24 h. Substitution of the single tyrosine residue 
in the cytoplasmic tails of 1gpA by cysteine and in LAP 
by phenylalanine led to an accctmmlation at the cell 
surface as did the deletion of the entire cytoplasmic tails. 
Furthermore replacing the cytoplasmic domains of these 
two proteins by the respective domains of resident 
plasma membrane proteins was sufficient to redistribute 
the chimeric proteins to lysosomes [49-511. These results 
suggest, that the cytoplasmic tails of 1gpA and LAP con- 
tain sorting signals with an essential tyrosine residue for 
rapid endocytosis and efficient lysosomal targeting. 
The 20 amino acid cytoplasm& tail of the lysosomal 
membrane glycoprotein LIMP II (Fig. 3) does not con- 
tain a tyrosine residue and therefore has to be directed 
to the lysosomes by a different signal. Domain swapping 
experiments performed with LIMP II revealed that sub- 
stitution of the cytoplasmic domain of LIMP II by cyto- 
plasmic domains of two resident plasma membrane pro- 
teins resulted in accumulation of the chimeras at the cell 
surface and the chimeras were not sorted to the lyso- 
somes, efficiently. Moreover, transplantation of the cyto- 
plasmic tail of LIMP II onto these two plasma mem- 
brane proteins redirected them to the lysosomal com- 
partment [52]. 
Recently a Leu-Ile-X motif at the C-terminus of LIMP 
IgpA -1 R K R S H A QTI 
IgpB 1 L K H H H A EQF 
LIMPI-] VKSIRS EVM 
LAP -1 RMQAQPL 
* * * * * t 
RHVADGEDHA 
0 0 
LIMP111 
t 
RGQGSTDEGTADERAP;;RT 
Fig. 3. Targeting signals in cytoplasmic domains of lysosomal membrane glycoproteins lgps, LIMPS and LAP. Amino acid sequences of cytoplasmic 
domains are given in one letter code. Residues shown to be essential for rapid endocytosis and lysosomal targeting are marked with asterisks. 
Conserved Gly-Tyr motifs are shaded; Pro and Tyr residues essential for basoalteral sorting of 1gpA or LAP are marked with dots. Arrows mark 
the C-terminal portion of cytoplasmic domains, that are not required for sorting to lysosomes. 
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II was shown to be crucial for rapid internalization and 
correct sorting to the lysosomes. The peptide segment 
between the transmembrane domain and the Leu-Ile-X 
motif seems to be necessary for its proper function as an 
internalization signal [53]. A related di-leucine motif in 
the cytoplasmic tail of the C-terminus of the T-cell recep- 
tor CD 3 y and 6 chains [56] and the GLUT 4 glucose 
transporter [39] has been shown to be critical for their 
efficient internalization. Di-leucine motifs either pre- 
ceeded or followed by a histidine in the cytoplasmic tails 
of the 46 kDa and 300 kDa mannose 6-phosphate recep- 
tor have been implicated in the sorting of these two 
receptors in the Golgi apparatus [54,55]. 
Detailed analyses of the tyrosine-containing signal in 
the 1gpA cytoplasmic tail by substitution of one or more 
amino acids revealed, that substitution of the amino acid 
residues His, Ala and Gly preceeding the essential Tyr 
residue do not change the intracellular distribution. As 
for the Leu-Ile-X motif, the relative position of the tyro- 
sine containing signal in the tail is important for its 
proper function [49]. Harter and Melhnan [41] showed, 
that substitution of the Gly N-terminally preceeding the 
critical tyrosine residue in the 1gpA cytoplasmic tail by 
Ala resulted in a partial redistribution of the mutant to 
the plasma membrane, albeit rapid internalization was 
not abolished. Exchange of the critical Tyr by Cys gave 
a more pronounced accumulation at the cell surface and 
abolished rapid internalization. These data indicate, that 
the Gly preceeding Tyr may be critical for direct sorting 
of 1gpA from the Golgi to endosomes. 
Amino acid residues contributing to the intemaliza- 
tion signal in the cytoplasmic tail of LAP have been 
identified by investigation of two series of truncation and 
alanine substitution mutants [51]. The truncation mu- 
tants showed, that the 12 N-terminal residues of the 
cytoplasmic tail are sufficient for rapid endocytosis. The 
substitution mutants identified the hexapeptide 41 ‘Pro- 
Gly-Tyr-Arg-His-Va1416 as the LAP internalization sig- 
nal (Fig. 3). Interestingly, mutations within the five 
C-terminal amino acids of the cytoplasmic tail can also 
impair internalization. This has been attributed to steric 
hindrance of the interaction between the sorting signal 
and its putative cytoplasmic receptor by the C-terminal 
five amino acids, which are inert in the wild-type form. 
Two-dimensional NMR analysis of an eighteen amino 
acid peptide corresponding to the cytoplasmic domain of 
LAP revealed that the 410Pro-Pro-Gly-Tyr413 tetrapeptide 
is adopting type I /?-turn structure in solution. The NMR 
data furthermore indicate, that nascent helices are adja- 
cent to both sides of the turn [51,57]. The LAP hexapep- 
tide internalization signal is therefore made up of three 
amino acids of the tight turn and three amino acids of 
the C-terminal nascent helix. Similar tight turn structures 
have been shown for the AsN-Pro-Val-Tyr intemaliza- 
tion signal of the LDL receptor [58], and have been 
postulated for the Tyr-Thr-Arg-Phe internalization sig- 
nal of the transferrin receptor [59]. These results may 
suggest, that tight turns are a general structural motif of 
tyrosine containing internalization signals. Recently, the 
first exception from this rule has been reported. TGN 
38/41 is a type I membrane glycoprotein predominantly 
residing in the TGN and recycling between the TGN and 
the cell surface. Its cytoplasmic domain contains a Tyr- 
GlN-Arg-Leu tetrapeptide signal for internalization 
from the plasma membrane. This internalization signal 
does not adopt a tight turn conformation but lies within 
a nascent helix [60]. 
In polarized epithelial MDCK cells 1gpA and LAP are 
passing the basolateral plasma membrane n route to the 
lysosomal compartment. In 1gpA substitution of the sin- 
gle cytoplasmic domain tyrosine residue by alanine both 
blocks sorting at the TGN to the basolateral surface 
domain and internalization from the cell surface [61]. 
For LAP the basoalteral sorting determinant was investi- 
gated with the same series of cytoplasmic tail truncation 
and substitution mutants, which had been used for char- 
acterization of the internalization signal (see above). For 
basolateral sorting as for rapid internalization the 12 
N-terminal amino acids of the tail were sufficient. Pro41’ 
and Tyr413 within these aminoterminal 12 amino acids 
are essential for basolateral sorting (Fig. 3). These data 
indicate, that the determinants for basolateral sorting 
and internalization of LAP reside in the same segment 
of the cytoplasmic domain and that the structural re- 
quirements for basolateral sorting are less stringent han 
those for rapid internalization. Even though these two 
sorting signals are overlapping they can be distinguished, 
e.g. the basolateral sorting determinant tolerates the con- 
servative substitution of Tyr413 by Phe, whereas rapid 
endocytosis of this mutation from the cell surface is 
blocked. This suggests, that different cytoplasmic recep- 
tors are involved in sorting at the TGN and at the cell 
surface [46]. Whereas the basolateral sorting determi- 
nants in 1gpA and LAP are closely related to the tyrosine 
containing internalization signals, in other cases, e.g. the 
LDL-receptor, determinants for basolateral sorting have 
been identified, that are unrelated to the tyrosine con- 
taining internalization signals [61]. 
5. Sorting machinery for lysosomal- membrane 
glycoproteins 
Sorting of membrane proteins is thought to involve 
interaction of their respective cytoplasmic domains with 
specific cytosolic receptors. So far two types of such 
receptors, called adaptors, have been identified and char- 
acterized. Both are heterotetrameric protein complexes 
of two 100 kDa and two smaller polypeptides of about 
50 and 20 kDa. HA-l adaptors are located at the TGN, 
whereas HA-2 adaptors are restricted to the plasma 
membrane. One of the 100 kDa subunits, /Y-adaptin, has 
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been shown to bind to the cytoplasmic domain of a 
plasma membrane receptor and clathrin, which can as- 
semble clathrin coats on the cytoplasmic surface of mem- 
branes. This is a prerequisite for the formation of trans- 
port vesicles [62,63]. 
Recently, it was shown in an in vitro system, that the 
cytoplasmic tail of LAP binds with high affinity to the 
trunk portion of the plasma membrane adaptor HA-2, 
but displays poor binding to the TGN adaptor HA-l. 
These data fit well with the observation, that newly syn- 
thesized LAP in expressing BHK-21 cells is transported 
from the TGN to the plasma membrane, rather than 
being sorted into clathrin coated vesicles at the TGN (see 
above). On the other hand, the cytoplasmic domain of 
the 46 kDa mannose 6-phosphate receptor, which is 
sorted from the TGN via clathrin coated vesicles to the 
endosomal compartment was shown to bind to both 
adapters with similar efficiency [64]. 
Cytoplasmic receptors recognizing basolateral sorting 
determinants in cytoplasmic tails of lysosomal mem- 
brane proteins and endocytic receptors in polarized 
epithelial MDCK cells are not known at present. 
6. Perspectives 
It has been suggested that lysosomal membrane 
glycoproteins form a coat on the luminal surface of the 
lysosomal membrane, which may protect this membrane 
from digestion by lysosomal acid hydrolases [19]. At 
present there are hardly any data as to the in vivo func- 
tions of this group of membrane glycoproteins. Not even 
the functions of the phosphatase LAP, which played a 
pivotal role in the discovery of lysosomes ome 40 years 
ago, are known today, since its in vivo substrates remain 
elusive. Construction of defect mutants for lysosomal 
membrane glycoproteins by homologous recombination 
in the mouse system might pave the way towards a better 
understanding of their in vivo functions. 
After identification and characterization of a large 
number of intracellular sorting signals for lysosomal 
membrane glycoproteins, a lot has still to be learned 
about their recognition by cytoplasmic receptors, which 
may be part of a complex sorting machinery directing 
each passenger protein from its place of synthesis to its 
respective final destination. 
Acknowledgements: The projects in the authors’ laboratory were sup- 
ported by the Deutsche Forschungsgemeinschaft nd the Fonds der 
Chemischen Industrie. 
References 
[l] Bainton, D.F. (1981) J. Cell Biol. 91, 66~76s. 
[2] Mellman, I., Fuchs, R. and Helenius, A. (1986) Annu. Rev. Bio- 
them. 55, 663-700. 
[3] Dunn, W.A. (1990) J. Cell Biol. 110, 1923-1933. 
[4] von Figura, K. and Hasilik, A. (1986) Annu. Rev. Biochem. 55, 
167-193. 
[5] Kornfeld, S. and Melhnan I. (1989) Annu. Rev. Cell Biol. 5, 483- 
525. 
[6] Gruenberg, J., Griffith, G. and Howell, K.E. (1989) J. Cell Biol. 
108, 1301-1316. 
[7l Stoorvogel, W., Strous, G.J., Geuze, H.J., Oorschot, V and 
Schwartz, A.L. (1991) Cell 65, 417427. 
[8] Gahl, W.A., Renlund, M. and Thoene, J.G. (1989) in: The Meta- 
bolic Basis of Inherited Disease (Striver, C.R., Beaudet, A.L., Sly, 
W.S. and Valle, D.L., Eds.) pp. 2619-2647, McGraw Hill, New 
York. 
[9] Haylett, T. and Thilo, L. (1991) I. Biol. Chem. 266, 8322-8327. 
[IO] Bumside, J. and Schneider, D.L. (1982) Biochem. J. 204,525-534. 
Ill] Marsh, M., S&mid, S., Kern, H., Harms, E., Male, P., Mellman, 
I. and Helenius, A. (1987) J. Cell Biol. 104, 875886. 
[12] Chen, J.W., Murphy, T.L., Willingham, M.C., Pastan, I. and Au- 
gust, J.T. (1985) J. Cell Biol. 101, 85-95. 
[13] Lewis, V., Green, S.A., Marsh, M., Vihko, P., Helenius, A. and 
Mellman, I. (1985) J. Cell Biol. 100, 1839-1847. 
[14] Barriocanal, J.G., Bonifacino, J.S., Yuan, L. and Sandoval, 1.V 
(1986) J. Biol. Chem. 261, 16755-16763. 
[15] Croze, E., Ivanov, I.E., Kreibich, G., Adesnik, M., Sabatini, D.D. 
and Rosenfeld, M.G. (1989) J. Cell Biol. 108, 1597-1613. 
[16] Lippincott-Schwartz, J. and Fambrough, D.M. (1986) J. Cell Biol. 
102, 1593-1605. 
[17] Carlsson, S.R., Roth, J., Piller, F. and Fukuda, M. (1988) J. Biol. 
Chem. 263, 18911-18919. 
[18] Mane, S.M., Marzella, L., Bainton, D.F. Holt, V.K., Cha, Y., 
Hildreth, J.E.K. and August, J.T. (1989) Arch. B&hem. Biophys. 
268, 366378. 
[19] Granger, B.L., Green, S.A., Gabel. C.A., Howe, C.L., Melhnan, 
I. and Helenius, A. (1990) J. Biol. Chem. 265, 12036-12043. 
[20] Howe, CL., Granger, B.L., Hull, M., Green, S.A., Gabel, C.A., 
Helenius, A. and Mellman, I. (1988) Proc. Natl. Acad. Sci. USA 
85, 7577-7581. 
[21] Himeno, M., Nogushi, Y., Sasaki, H., Tanaka, Y., Furuno, K., 
Kono, A., Sakaki, Y. and Kato, K. (1989) FEBS Lett. 244, 351- 
356. 
1221 Chen, J.W., Cha, Y., Yuksel, K.U., Gracy, R.W. and August, J.T. 
(1988) J. Biol. Chem. 263, 87548758. 
[23] Fambrough, D.M., Takeyasu, K., Lippincott-Schwartz, J. and 
Siegel, N.R. (1988) J. Cell Biol. 106, 61-67. 
[24] Viitala, J., Carlsson, S.R., Siebert, P.D. and Fukuda, M. (1988) 
Proc. Natl. Acad. Sci. USA 85, 3743-3747. 
[25] Fukuda, M., Viitala, J., Matteson, J. and Carlsson, S.R. (1988) 
J. Biol. Chem. 263, 18920-18928. 
[26] Nogushi, Y., Himeno, M., Sasaki, H., Tanaka, Y., Kono, A., 
Sakaki, Y. and Kato K. (1989). Biochem. Biophys. Res. Commun. 
164, 1113-1120. 
[27] Cha, Y., Holland, SM. and August, J.T. (1990) J. Biol. Chem. 265, 
5008-5013. 
[28] Metzelaar, M.J., Wijngaard, P.L.J., Peters, P.J., Sixma, J.J., 
Nieuwenhuis, H.K. and Clevers, H.C. (1991) J. Biol. Chem. 266, 
32393245. 
[29] Vega, M.A., Segui-Real, B., Garcia, J.A., Gales, C., Rodriguez, F., 
Vanderkerckhove, J. and Sandoval, I.V. (1991) J. Biol. Chem. 266, 
16818-16824. 
[30] Wickner, W.T. and Lodish, H.F. (1985) Science 230, 40&407. 
[31] Fukuda, M. (1991) J. Biol. Chem 266, 21327-21330. 
[32] Carlsson, S.R. and Fukuda, M. (1989) J. Biol. Chem. 264,20526- 
20531. 
[33] Arterbum, L.M., Earles, B.J. and August, J.T. (1990) J. Biol. 
Chem. 265, 7419-7423. 
[34] Pohlmann, R., Krentler, C., Schmidt, B., Schroder, W., Lorkow- 
ski, G., Culley, J., Mersmann, G., Geier, C., Waheed, A., 
114 C. Peters, K von FiguralFEBS Letters 346 (1994) 108-114 
Gottschalk, S., Grzeschik, K.-H., Hasilik, A. and von Figura, K. 
(1988) EMBO .I. 7, 2343-2350. 
[35] Waheed, A., Gottschalk, S., Hille, A., Krentler, C., Pohlmann, R., 
Braulke, T., Hauser, H., Geuze, H. and von Figura, K. (1988) 
EMBO .I. 7, 2351-2358. 
[36] Gottschalk, S., Waheed, A., Schmidt, B., Laidler, P. and von 
Figura, K. (1989) EMBO J. 8, 3215-3219. 
[37] D’Souza, M.P. and August, J.T. (1986) Arch. Biochem. Biophys. 
249, 522-532. 
[38] Green, S.A., Zimmer, K.-P., Griffith, G. and Mellman, I. (1987) 
J. Cell Biol. 105, 1227-1240. 
[39] Verhey, K.J. and Bimbaum, M.J. (1994) J. Biol. Chem. 269,2353- 
2356 
[40] Carlsson, S.R. and Fukuda, M. (1992) Arch. Biochem. Biophys. 
296, 630639. 
[41] Harter, C. and Mellman, I. (1992) J. Cell Biol. 117, 311-325. 
[42] Nabi, I.R., Le Bivic, A., Fambrough, D. and Rodriguez-Boulan, 
E. (1991) J. Cell Biol. 115, 1573-1584. 
[43] Mathews, P.M., Martinie, J.B. and Fambrough, D.M. (1992) 
J. Cell Biol. 118, 1027-1040. 
[44] Lippincott-Schwartz, J. and Fambrough, D.M. (1987) Cell 49, 
6699677. 
[45] Braun, M., Waheed, A. and von Figura, K. (1989) EMBO J. 8, 
3633-3640. 
[46] Prill, V., Lehmann, L., von Figura, K. and Peters, C. (1993) 
EMBO J. 12, 2181-2193. 
[471 Trowbridge, I.S., Collawn, J.F. and Hopkins, C.R. (1993) Annu. 
Rev. Cell Biol. 9, 129-161. 
[48] Hille, A., Klumperman, J., Geuze, H.J., Peters, C., Brodsky, F.M. 
and von Figura, K. (1992) Eur. J. Cell Biol. 59, 106115. 
[49] Williams, M.A. and Fukuda, M. (1990) J. Cell Biol. 111,955-966. 
[50] Peters, C., Braun, M., Weber, B., Wendland, M., Schmidt, B., 
Pohlmann, R., Waheed, A. and von Figura, K. (1990) EMBO J. 
9, 3497-3506. 
[51] Lehmann, L.E., Eberle, W., Krull, S., Prill, V., Schmidt, B., 
Sander, C., von Figura, K. and Peters, C. (1992) EMBO J. 11, 
43914399. 
[52] Vega, M.A., Rodriguez, F., Segui, B., Gales, C., Alcalde, J. and 
Sandoval, I.V. (1991) J. Biol. Chem. 266, 16269-16272. 
[53] Ogata, S. and Fukuda, M. (1994) J. Biol. Chem. 269, 521&5217. 
[54] Johnson, K.F. and Kornfeld, S. (1992) J. Biol. Chem. 267, 1711& 
17115. 
[55] Johnson, K.F. and Komfeld, S. (1992) J. Cell Biol. 119, 249-257. 
[56] Letoumeur, F. and Klausner, R.D. (1992) Cell 69, 1143-l 157. 
[57] Eberle, W., Sander, C., Klaus, W., Schmidt, B., von Figura, K. and 
Peters, C. (1991) Cell 67, 1203-1209. 
[58] Bansal, A. and Gierasch, L.M. (1991) Cell 67, 119551201. 
[59] Collawn, J.F., Stangel, M., Kuhn, L.A., Esekogwu, V., Jing, S., 
Trowbridge, IS. and Tainer, J. (1990) Cell 63, 1061-1072. 
[60] Wilde, A., Dempsey, C. and Banting, G. (1994) J. Biol. Chem. 269, 
7131-7136. 
[61] Hunziker, W., Harter, C., Matter, K. and Mellman, I. (1991) Cell 
66, 907-920. 
[62] Pearse, B.M.F. and Robinson, M.S. (1990) Annu. Rev. Cell Biol. 
6, 151-171. 
[63] Beltzer, J.P. and Spiess, M. (1991) EMBO J. 10, 3735-3742. 
[64] Sosa, M.A., Schmidt, B., von Figura, K. and Hille-Rehfeld, A. 
(1993) J. Biol. Chem. 268, 12537-12543. 
